calorie restriction, although many of these models of intermittent fasting do not involve fed-23 fasted cycles every other 24-h sleep-wake cycle and/or permit some limited energy intake 24 outside of prescribed feeding times. Accordingly, the intervention period therefore may not 25
regularly alternate, may not span all or even most of any given day, and may not even 26 involve absolute fasting. This is important because potentially advantageous physiological 27 mechanisms may only be initiated if a post-absorptive state is sustained by uninterrupted 28 fasting for a more prolonged duration than applied in many trials. Indeed, promising effects 29 on fat mass and insulin sensitivity have been reported when fasting duration is routinely 30 extended beyond 16 consecutive hours. Further progress will require such models to be tested 31 with appropriate controls to isolate whether any possible health effects of intermittent fasting 32 are primarily attributable to regularly protracted post-absorptive periods, or simply to the net 33 negative energy balance indirectly elicited by any form of dietary restriction. 34 
Background 35
Obesity is a prevalent health concern throughout the world (1,2), which arises due to chronic 36 positive energy balance (3-5). Any energy surplus is stored primarily in the form of 37 triglycerides within adipocytes, thus leading to adipose tissue expansion (6,7) predominantly 38 as a result of adipocyte hypertrophy (8). If sustained over time, this hypertrophic expansion 39 can lead to adipocyte dysfunction, hyperglycaemia, hyperlipidaemia, ectopic lipid deposition, 40 chronic low-grade systemic inflammation and insulin resistance (9-15), thereby fostering 41 comorbidities such as type 2 diabetes and cardiovascular disease (16, 17) . To remedy this 42 metabolic dysfunction, interventions often seek to redress the underlying energy imbalance 43 by reducing energy intake and/or increasing expenditure, which can improve health outcomes 44 (18, 19) . However, these improvements are hampered by compensatory changes in appetite 45 and energy use (4,20-22), as well as poor adherence (23,24), resulting in poor long-term 46 success rates (4, 25, 26) . 47
Strategies that exploit nutrient timing as a means of achieving weight loss and/or improving 48 metabolic health have been the subject of considerable public interest in recent years (27) . 49
Intermittent fasting is an umbrella term that may be used to describe these approaches, which 50 involve a complete or partial restriction of energy within defined temporal windows on a 51 recurrent basis (27,28). Thus far, the therapeutic potential of intermittent fasting has been 52 largely overshadowed by direct manipulation of the principal components of the energy 53 balance equation (29) . However, advances in the understanding of circadian rhythms suggest 54 that this could be a particularly effective approach for tackling obesity and the accompanying 55 dysfunction (30,31), in addition to arguably being more acceptable in practice than 56 conventional alternatives (32-36). To explore this notion, this review will consider the 57 literature on meal timing and intermittent fasting as it relates to metabolic health. 58 
Meal Timing 59
In Western cultures, a pattern of three or more meals per day is generally accepted as a 60 societal norm (37,38). However, this typically results in an anabolic state predominating each 61 day (39,40). The postprandial metabolic response to a mixed-macronutrient meal in 62 metabolically healthy participants is characterised by a peak in glycaemia within the first 63 hour followed by a steady return to fasted glycaemia over the ensuing two hours (41, 42 ). This 64 is paralleled by an accompanying peak in insulin secretion within the first hour followed by adecrease over the next 4 hours (42). Conversely, plasma triglyceride concentrations rise 66 steadily to a peak after 3-5 hours and generally remain 50% higher than baseline even after 6 67 hours (41) . When a subsequent meal is ingested approximately five hours after the first (as is 68 common in Western diets), glucose peaks at a similar time after feeding, albeit an attenuated 69 was provided or intake monitored in a laboratory setting. However, of the studies covered in 127 these reviews, most evaluated the impact of increased meal frequency on metabolic health, 128 wherein three meals per day is used as the reference for lower frequency. Therefore, upon 129 framing these studies within the context of the 24-hour metabolite profiles discussed 130 previously, the lack of a consensus is perhaps not surprising. In fact, only one of the studies 131 reported is likely to have resulted in the predominance of a fasting state over the course of 24 132 hours (54). 133
Specifically, the study of Stote et al. (54) explored the impact of reducing meal frequency to 134 one meal per day under conditions of energy balance. Briefly, 15 normal-weight participants 135 completed two 8-week intervention periods in a randomised crossover design with an 11-136 week washout interval. In one treatment, all calories were consumed in a single meal between 137 17:00 and 21:00, whilst the other treatment separated the same foods into a conventional 138 breakfast, lunch and dinner format. To facilitate compliance, the dinner in both conditions 139 was consumed under supervision and all foods were provided. The diets were matched for 140 both energy and macronutrient content and targeted weight maintenance, with daily 141 adjustment of prescribed intake based on body weight measurements, which were then 142 mirrored in the opposing trial. No differences in body mass, body composition or health 143 markers were apparent at the outset of each treatment and no differences in energy intake, 144 macronutrient balance or physical activity were noted between the two conditions. Despite 145 these null findings, body mass and fat mass (as assessed by bioelectrical impedance) were 146 reduced by 1.4 kg and 2.1 kg, respectively, following the one meal per day condition but not 147 the three meals per day condition. However, the reduction in adiposity was not accompanied 148 by improvements in lipid profile or glycaemia (55). This is consistent with the prior 149 suggestion that extending the daily fasting period may result in increased utilisation of lipid-150 derived substrates in energy metabolism and favourable effects on fat balance (28). 151
The above interpretation suggests that, in much the same way as a protracted daily feeding 152 window may be conducive to an energy surplus, prolonged fasting on a routine basis could be 153 an effective strategy to counter fat accretion. However, what is particularly interesting here is 154 that this observation was made under carefully matched conditions. Whilst this does not 155 exclude any possibility of some amalgamation of undetectable changes in the various 156 components of energy balance (56), it is also plausible that the protracted fasting period is 157 exerting impacts on energy metabolism that are independent of net energy balance (28,57). 158
The current literature on intermittent fasting provides a useful platform for exploring this 159 notion further. 160
Intermittent Fasting 161
The umbrella term intermittent fasting refers to a series of therapeutic interventions which 162 target temporal feeding restrictions, nominally categorised as: the 5:2 diet, modified 163 alternate-day fasting, time-restricted feeding and complete alternate-day fasting (27) . 164
Irrespective of the rationale for each, such approaches have been subject to growing 165 popularity in recent years, yet experimental data to support their application is comparatively 166 sparse (27,36). Bluntly, the number of diet books advising how intermittent fasting can be 167 incorporated into our daily lives is several orders of magnitude greater than the number of 168 scientific papers examining whether intermittent fasting should be encouraged at all (27) . 169
The 5:2 Diet -Amongst the most coveted forms of intermittent fasting is the 5:2 diet, 170 wherein severe energy restriction is imposed on two days per week with ad libitum 171 consumption on the remaining five. The study of Carter, Clifton and Keogh (58) randomised 172 63 adults with overweight or obesity and type 2 diabetes to 12 weeks of either daily calorie 173 restriction or a 5:2 approach. The 5:2 group reduced their intake to 400-600 kcal for two non-174 consecutive days per week and followed their habitual diet on the remaining five, whilst the 175 daily restriction group simply reduced their intake to 1200-1550 kcal everyday. Although the 176 extent to which prescriptions were achieved was not reported, main effects of time but not 177 group were seen for reductions in body mass, fat mass and fat-free mass, as well as 178 improvements in glycated haemoglobin concentration and the use of diabetic medications. 179 Similar conclusions were also drawn by two recent studies which compared this 5:2 approach 180 (i.e. 400-600 kcal•day -1 on two non-consecutive days per week) against daily energy 181 restriction over 6 months (59, 60) . Based on the above studies of the 5:2 approach to intermittent fasting, it seems that the 214 manner in which the fast is applied is a key determinant of the impacts on metabolic health. 215
When the fast is undertaken on consecutive days, there is an apparent superiority relative to 216 daily calorie restriction (61,62), whilst applying the fast on non-consecutive days results in 217 broadly equivalent effects (58-60). Upon considering this in terms of the resultant 218 uninterrupted fasting duration, this would appear to fit with the proposition of Anton et al. 219 (28), as fasting on consecutive days is more likely to result in an uninterrupted fast of over12-14 hours when compared to fasting on non-consecutive days. However, as these 221 interventions do not confine the permitted intake during fasting to a specific time window 222 (e.g. 400-600 kcal consumed between 12:00 and 14:00 on fasting days), this makes it difficult 223 to establish the exact duration of absolute fasting achieved. Total cholesterol, LDL cholesterol and triglycerides were also reduced by at least 20%, 241 effects which were associated with improvements in adipokine profile (63). Subsequent work 242 by the same group neatly demonstrates that these outcomes are similar when applied to 243 cohorts of adults who are overweight (64), when meal timing on the fasting day can be varied 244 (65), and that concurrent macronutrient manipulation does not exert additive effects (66). 245
Collectively, these data suggest that modified alternate-day fasting may be a viable means of 246 improving cardiometabolic health in adults who are overweight or obese. However, without a 247 comparative daily calorie restriction group it is difficult to isolate any independent effects of 248 the fasting periods from the effects of energy restriction and/or associated weight loss. This 249 was addressed recently by a comparison of the two methods under isocaloric conditions 250 relative to a no intervention control group (67,68). Briefly, 69 adults with obesity were 251 randomised to undertake 6 months of modified alternate-day fasting or daily calorie 252 restriction. The alternate day fasting diet restricted participants to a single meal containing 253 25% of their measured energy requirements between 12:00 and 14:00 during fasting periods, 254 but prescribed 125% of energy requirements on feeding days. Conversely, the daily calorie 255 restriction diet prescribed a 25% reduction in energy intake every day, resulting in an 256 equivalent reduction in energy intake of 25% in both groups. Macronutrient balance was 257 preserved in both instances and the attained calorie restriction was 21% and 24% for 258 alternate-day fasting and daily calorie restriction, respectively. The observed body mass loss 259 of 6.8 % was also similar between the two groups, a pattern driven by changes in both fat 260 mass and lean mass. Fasted markers of metabolic health were also largely unaffected by 261 either intervention, including lipid profile, inflammatory markers, adipokines, glucose 262 concentration and insulin resistance (67,68). Furthermore, few differences emerged during an 263 ensuing 6-month weight maintenance period in which the feeding patterns were maintained 264 but the prescriptions modified to fulfil energy requirements (i.e. no energy deficit). 265
This once again indicates that intermittent fasting and daily calorie restriction exert similar 266 effects on most health outcomes, as concluded previously for the 5:2 approach. However, 267 during the modified alternate-day fasting intervention, participants consistently over-268 consumed on fasting days and under-consumed on fed days, in what the authors describe as 269 de facto calorie restriction (67). Consequently, over the duration of the study the difference in 270 reported energy intake between feeding and fasting days was less than 500 kcal on average 271 (69). Yet when the 34 participants that undertook alternate-day fasting were stratified into 272 those who lost more versus less than 5% body mass, those closest to the prescribed intake 273 targets showed larger decreases in body mass despite consuming more calories overall (69). 274
Unfortunately, the mechanisms underpinning this are unclear. The observation could reflect 275 increased use of lipid-derived substrates or lower levels of adaptive thermogenesis with 276 intermittent methods, or perhaps it simply reflects poorer dietary reporting by those with 277 lower adherence. 278 Nonetheless, data emerging from studies of modified alternate-day fasting do not allude to a 279 superiority relative to daily calorie restriction. Although, the use of single-arm trials and poor 280 adherence to fasting prescriptions leave this question open to further study.
Time-Restricted Feeding -Ironically, the adherence issues that appear common to modified 282 alternate-day approaches may lie in the imposition of a severe restriction as opposed to a 283 complete fast, which in being an absolute (albeit more severe) could in fact facilitate 284 compliance (32,33,36). Drawing from this premise, time-restricted feeding is another method 285 of intermittent fasting which has emerged recently (27) and requires no knowledge of food 286 composition or restraint at eating occasions, only awareness of the time at which eating 287
occasions are permitted at all. This approach aims to restrict food intake to a temporal 288 window (typically ≤10 h) within the waking phase, thereby reducing feeding opportunities 289
and extending the overnight fast to at least 14 hours per day (70). These largely null findings relative to prior research could be explained by the free-living 301 approach used to study compensatory changes in components of energy balance. The fasting 302 group consumed fewer calories than the breakfast group when averaged throughout each 24-303 hour period, but this was compensated for by lower physical activity thermogenesis. Upon 304 applying this protocol to a cohort of adults with obesity (72), extended fasting resulted in a 305 slightly greater compensatory increase in energy intake following fasting (although still not 306 adequate to offset the energy consumed or omitted at breakfast), whilst daily fasting was 307 again causally related to lower physical activity energy expenditure in the morning. 308
Interestingly, in this cohort with obesity breakfast did result in improved insulinaemic 309 responses during an oral glucose tolerance test relative to the fasting condition. However, this 310 test was aligned for circadian cycle rather than feeding cycle, so the observed finding could 311 simply reflect better alignment with anticipated events in the breakfast condition. and macronutrient content and aimed to provide 100% of energy requirements across three 316 meals in both conditions. In the control condition, meals were consumed at 08:00, 13:00 and 317 20:00, whilst in the experimental condition meals were consumed at 13:00, 16:00 and 20:00 318 to give a 16-hour fast. The time-restricted approach resulted in reductions in fat mass relative 319 to controls, which were partnered by decreases in respiratory exchange ratio, indicating a 320 shift toward fat oxidation. Interestingly, however, despite accompanying reductions in leptin 321
and hypothalamic-pituitary-thyroid signalling, resting energy expenditure was maintained. 322
This reinforces the notion that nutrient timing impacts upon nutrient metabolism, whilst also 323
highlighting that this appears to occur to a greater degree with a 16-hour fast relative to a 12-324 hour fast. Considering this in light of the typical postprandial nutrient profile discussed 325 previously, the increase in fasting duration may provide more opportunities for metabolism of 326 substrates derived from endogenous lipids. This again points to the possibility that routine 327 extension of the fasting period beyond 12-14 hours may be key to these benefits, which was hypothesised that circadian rhythms in energy metabolism would potentiate the effects of 333 time-restricted feeding when eating times are confined to earlier stages of the waking phase. 334
Using a repeated-measures crossover design, they compared the effect of consuming all daily 335 calories within a 6-hour window and a 12-hour window over 5 weeks in men with pre-336 diabetes. The diets were prescribed based on energy requirements to maintain energy balance 337 and were also matched for energy and macronutrient content. Compliance to the two 338 conditions was high and the extended fasting period was accompanied by reductions in 339 fasting insulin, peak insulin and insulin resistance during an oral glucose tolerance test. 340
However, it appears the magnitude and persistence of any treatment effects may have 341 required a longer wash-out interval between repeated treatments, as the impacts on 342 insulinaemia were seemingly affected by baseline differences arising from a trial order effect. area under curve for females and reductions in insulin area under curve for males (78) . 416
It might then be suggested that males and females respond differently to complete alternate-417 day fasting. However, there were a number of baseline differences between men and women 418 in that study which should be considered in this interpretation, with men exhibiting higher 419 glucose, insulin and triglyceride concentrations in the fasted state (34). Upon contextualising 420 this in the physiology of insulin resistance (9-14), it seems plausible that the metabolic state 421 of male participants at baseline may stand to benefit more from the routine extension of 422 fasting (notwithstanding the possibility of statistical regression). In these individuals, the shift 423 toward fat oxidation seen in response to prolonged fasting could help to clear lipid 424 intermediaries from non-adipose tissues, thereby enhancing insulin sensitivity. This is 425 supported by the reported increase in CPT1 protein content in muscle tissue after the 426 intervention (78, 79) . were randomised to undertake 8 weeks of either daily calorie restriction (requiring a 439 reduction in energy intake of 400 kcal•day -1 ) or a complete alternate-day fast. The 440 intermittent fasting condition imposed a fast on every other day and provided a diet to meet 441 estimated daily energy requirements during feeding periods, with a series of 200 kcal 442 optional food modules to permit ad libitum intake. All foods were provided and diets were 443 matched for macronutrient balance rather than energy intake. Consequently, energy intake 444 across the intervention was lower with the intermittent fasting approach, averaging 53% of 445 weight maintenance requirements compared to 72% for daily calorie restriction. This was 446 accompanied by a trend for greater reductions in body mass with intermittent fasting relative 447 to calorie restriction, with 8.8% and 6.2% reductions seen in the respective conditions. 448
Despite this, fat mass and lean mass decreased to a similar degree in both groups, a pattern 449 mirrored by improvements in fasted lipid profile. Only intermittent fasting produced 450 improvements in fasted glucose concentration from baseline to follow-up, yet responses to a 451 dynamic test of insulin sensitivity were unaltered. Conversely, resting metabolic rate was 452 reduced by daily calorie restriction only, following correction for body composition changes, 453 with a trend for a between-group difference. However, between-group comparisons were 454 compromised by baseline differences, with those in the daily calorie restriction group 455 presenting with higher body mass and fasting insulin concentrations on average. is certainly an exception to this pattern, as they directly compared complete alternate-day 559 fasting and daily calorie restriction; however, the two conditions were not matched for the 560 degree of calorie restriction imposed. For this reason, reaching a consensus on the relative 561 merits of intermittent fasting is not possible without further studies with appropriate controls. 562
Fasting-Dependent Effects -Lastly, and perhaps most importantly, is the possibility that 563 remaining in a post-absorptive state for prolonged periods (i.e. fasting) may impart 564 independent health benefits beyond the established effects of the net negative energy balance 565
per se (and thus weight-loss). This is supported by Halberg et al. (47) , who propose 566 significant improvements in insulin sensitivity in response to complete alternate-day fasting; 567 yet the failure of Soeters et al. (77) 
